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Abstract

Variations in the abundances of elements and radiogenic isotopes in mantle derived
pernidotites and volcanic rocks are chemical integrals over time, space, and process, which
ultimately contain information about the role of convection in the earth’s mantle in creating.
maintaining, and destroying geochemical heterogeneities. Successful inversion of these
integrals requires extensive knowledge of the geochemical behavior of elements, the length
scales of chemical variability, the evolution with time of geologic systems, the physical
properties of mantle rocks, and the driving forces of phenomena which govern heat and
mass transport in a dynamic earth. This dissertation attempts to add to this knowledge by
examining the trace element and isotope geochemistry of mantle peridotites and oceanic
island basalts, and by studying aspects of the flow of viscous fluids driven by thermal
buoyancy.

The trace element and isotopic systematics of peridotites and associated mafic layers
from the Ronda Ultramafic Complex, southern Spain (Chapter 2), provides information
bearing on the geochemical behavior of the highly incompatible elements U, Th, and Pb in
the mantle, and on the length scales of geochemical vanability in a well exposed peridotite
massif. Garnet is demonstrated to be a significant host for U in the mantle, and together
with clinopyroxene, these two minerals control the abundances and partitioning
relationships of U and Th during the melting of anhydrous peridotite. Clinopyroxene,
plagioclase, and to a lesser extent gamet are hosts for Pb in mantle peridotite; however, the
role of trace sulfide may exert some control over the abundance and partitioning of Pb in
some samples. Due to the possibility that Pb is partitioned into sulfide, the U/Pb, Th/Pb.
and Ce/Pb ratios measured in clinopyroxene are likely to be higher than the bulk rock.
U-Pb age systematics of garnet-clinopyroxene pairs from Ronda peridotites and mafic
layers indicate Pb isotopic equilibrium in these samples up to 20-50 Ma ago. The Pb-Pb
systematics of garnet- and spinel-facies peridotites and mafic layers indicate a heterogeneity
on the order of 3 Ga old. This Pb isotope signature may have been created within the
massif 3 Ga ago, or may have been rmictasomatically imprinted on the massif 1.3 Ga ago by
basaltic melts with island arc affinities. The isotopic evolution of Ronda is consistent with
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an origin as ancient (3 Ga) MORB source mantle which expenienced a partial melting event
at 1.3 Ga ago, and was subsequently incorporated into the subcontinental lithosphere. The
very low U, Th, and Pb concentrations in depleted peridotite indicate that recycled crustal
materials, with U-Th-Pb concentrations 102-10% times higher than peridotite, will have a
larger influence on the isctopic composition of Pb in the mantle than on the Sr and Nd
isotopic composition.

An investigation of the trace element and isotopic compositions of clinopyroxenes
in peridotite xenoliths from Savaii, Western Samoa and Tubuai, Austral Islands (Chapter 3)
reveals geochemical signatures which are not present in basalts from these islands, due to
the inherent averaging of melting processes. The data indicate similarities in the melting
and melt segregation processes beneath these isotopically extreme islands. Samples with
LREE depleted clinopyroxenes, with positive Zr and negative Ti anomalies, are the result
of polybaric fractional melting of peridotite in the garnet- and spinel lherzolite stability
fields, with the Savaii samples having experienced a larger mean degree of melting than the
Tubuai samples. The extreme fractionation of HREE in the Savaii samples requires that
they have melted to the clinopyroxene-out point (about 20%) while retaining residual
garnet; the low concentrations of HREE in these same samples requires a further 10-20%
melting in the spinel lherzolite stability field. The extremely high total degrees of melting
experienced by the Savaii samples (33-42%), as well as the high degree of melting in the
garnet lherzolite stability fieid, suggests a mantle plume origin for these xenoliths.

A large majority of the xenolith clinopyroxenes from both Savait and Tubuai are
LREE enriched to varying degrees, and many samp'es display significant intergrain trace
element heterogeneity. This highly variable yet systematic heterogeneity was the result of
metasomatism by percolating melts undergoing chromatographic trace element
fractionation. The trace element compositions of some LREE enriched clinopyroxenes are
consistent with the percolating melt being typical oceanic island basalt. The clinopyroxenes
with the highest LREE concentrations from both islands, which also have very low Ti and
Zr concentrations and large amounts of grain-boundary hosted Ba, require that the
percolating melt in these cases had the trace element signature of carbonatite melt. The ‘
isotopic composition of one of these “"carbonatitic” samples from Tubuai is similar to :
basalts from this island. The isotopic composition of clinopyroxene in a "carbonatitic”
sample from Savaii records 87S1/86Sr and 143Nd/144Nd values of .71284 and .512516
respectively, far in excess of the most extreme Samoa basalt values (87Sr/86Sr=70742,
143Nd/144Nd=.51264). These “"carbonatitic” signatures indicate the presence of volatile-
rich, isotopically extreme components in the mantle beneath Tubuai and Savaii, which
likely have their origins in recycled crustal materials.

The Re-Os isotope systematics of oceanic island basalts from Rarotonga, S.vaii,
Tahaa, Rurutu, Tubuai, and Mangaia are examined (Chapter 4). Os concentratiors
variations suggest that olivine, or a low Re/Os phase associated with olivine, controls the
Os concentration in basaltic magmas. The Savaii and Tahaa samples, with high 87Sr/86Sr
and 207Pb/204Pb ratios (EMII), as well as basalts from Rarotonga, have 1¥70s/1860s ratios
of 1.026-1.086, within the range of estimates of bulk silicate earth and ~epleted upper
mantle. The basalts from Rurutu, Tubuai, and Mangaia (Macdonald hotspot). charactenzed
by high Pb isotope ratios (HIMU), have 1870s/186Qs ratios of 1.117-1,248. higher than
any estimates for bulk silicate earth, and higher than Os isotope atios of metasomatized
peridotites. The high 1870s/1860s ratios indicate the presence of recycled oceanic crust in
the mantle sources of Rurutu, Tubuai, and Mangaia. Inversion of the isotopic data for
Mangaia (endmember HIMU) indicate that the recycled crustal component has Rb/Sr,
Sm/Nd, Lu/Hf, and Th/U ratios which are very similar to fresh MORB glasses, and U/Pb
and Th/Pb ratios which are within the range of MORRB values, but slightly higher than
average N-MORB. These results indicate that the low-temperature alteration signature of




altered oceanic crust may be largely removed during subduction, and that oceanic crust was
recycled into to the lower mantle source of the Mucdonald hotspot plume. Furthermore, the
high 1870s/1860s ratios of the Tubuai and Mungaia basalts indicates that percolation
through depleted mantle peridotite (183705/1860s=1.00-1.08), observed to occur in the
Tubuai xenoliths, had little influence on the composition of the erupted basalts.

A fluid dynamic model for mantle plumes is developed (Chapter S) by examining a
vertical, axisymmetric boundary layer originating from a point source of heat, and
incorporating experimentally constrained rheological and physical properties of the mantle.
Comparison of linear (n=1) and non-Newtonian (olivine, n=3) rheologies reveals that non-
Newtonian plumes have narrower radii and higher vertical velocities than corresponding
Newtonian plumes. The non-Newtonian plumes also exhibit "plug flow" at the conduit
axis, providing a mechanism for the transport of deep mantle matenal, through the full
depth of the mantle, in an unmixed state. Plumes are demonstrated to entrain ambient
mantle via the horizontal conduction of heat, which increases the buoyancy and lowers the
viscosity of mantle at the plume boundary. Streamlines calculated from the fluid dynamic
model demonstrate that most of the entrained mantle originates from below 1500 km depth.
Parameterization of the entrainment mechanism indicates that the factional amount of
entrained mantle is lower in stronger, hotter plumes due to their higher vertical velocities.

Examination of the global isotopic database for oceanic island basalts reveals the
presence of a mantle component (FOZO), common to many hotspots worldwide.
characterized by depleted 87Sr/868r and 143Nd/14Nd, radiogenic 206,207 208Ph/204Ph, and
high 3He/4He. This component is isotopically distinct from the source of MORRB: thus,
with the exception of ridge centered hotspots such as Iceland and the Galapagos, upper
mantle does not appear to be a component in most hotspots, in agreement with entrainment
theory. The combined fluid dynamic and isotopic results indicate that both FOZ0 and the
enriched mantle components (EMI, EMIL, and HIMU) are located in the lower mantle.
Furthermore, high 3He/4He in FOZO preculdes an origin for FOZO-bearing plumes in a
thermal boundary layer at 670 km depth in the mantle. Since a 670 km thermal boundary
layer would be replenished by the downward motion of the upper mantle. an origin for
FOZO at 670 km would require either 1) a high 3He/#He signature in the MORB source. or
2) entrainment of MORB mantle into intraplate plumes, neither of which is observed in the
OIB isotope data. This indicates that the 670 kmi discontinuity is not a barrier to mantle
convection. The preservation of isotopically different upper and lower mantles does not
require layered convection, but is probably the result of an increasing residence time with
depth in the mantle. possibly caused by an increase in the mean viscosity of the mantle with
depth.

Thesis Supervisor:  Stanley R. Hart
Senior Scientist
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CHAPTER 1
Introduction

The geochemical variability expressed in the trace element and isotopic signatures of
mantle derived peridotites and basalts is the end product of the processes of mantle mixing,
melting, and melt segregation acting over various spatial and temporal scales. In addition
to these processes, surficial weathering, mass transport, and alteration may contribute to
the geochemical signatures of mantle derived materials if crustal components are recycled
into the deep mantle. In attempting to relate specific geochemical signatures to specific
mantle processes, one must have a firm understanding of the mechanisms by which these
different processes influence the distribution of different elements over the spatial and
temporal scales observable in mantle derived rocks. This dissertation attempts to place
geochemical observations in mantle peridotites and basalts into the context of fluid dynamic
processes in the earth's mantle, and thereby forge a better understanding of the ways in
which physical process determine chemical signatures.

Chapter 2 applies a long-standing geochemical tool, the U-Th-Pb isotcnic system,
to an examination of the scales of chemical heterogeneity in peridotites and mafic rocks
from the Ronda Ultramafic Complex, Southern Spain. Though the isotopic composition of
Pb in the mantle was first shown to be demonstrably heterogeneous in 1964 (Gast et al.,
1964), the application of the U-Th-Pb system has lagged far behind the pace of Sr and Nd
isotopic studies of mantle peridotites. As a result, we know little about the geochemical
behavior of these elements in the mantle, complicating the interpretations of the Pb isotopic
signatures of basaltic rocks (Tatsumoto, 1966; Gast, 1969; Tatsumoto, 1978; Sun, 1980).
The low concentrations (ppb) of U, Th, and Pb in the Ronda peridotites indicates that the
Pb isotopic composition of the mantle will be strongly influence by any recycled crustal
components. Compared with the more limited isotopic variability observed in other
ultramafic massifs (Polvé and Allegre, 1980; Hamelin and Allegre, 1988), the large degree
of isotopic heterogeneity at Ronda, present at both small and large scale lengths, suggests a
residence in the subcontinental lithosphere for about 1.3 Ga. The isotopic evolution of
Ronda is consistent with an origin as ancient (>1.3 Ga) MORB source mantle incorporated
into the subcontinental lithosphere 1.3 Ga ago.

Chapter 3 examines the trace element characteristics of clinopyroxene in peridotite
xenoliths from the islands of Savaii (Western Samoa, Samoa hotseot) and Tubuai (Austral

Islands, Macdonald hotspot) which were collected by the author during the fall of 1990.
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Basaltic rocks from the Samoa and Macdonald hotspots are charactenized by extreme
isotopic compositions (37Sr/80Sr 10 7075, 207Pb/2Ph 1o 15,70 (EMI wt Tutla,
American Samoa (Farley et al., 1992); 200ph/204ph 1 21 80 (HIMU ) at Mangaia, Cook
Islands (Nakamura and Tatsumoto, 1988), Chapter 4), and so the geochemical signatures
of these xenoliths were expected to place constraints on the origins of these endmember
signatures and the melt generation/segregation processes operative in their plume sources.
The trace element characteristics of LREE depleted xenoliths indicate an ongin as residues
of polybaric fractional melting in the stability fields of garnet and spinel therzolite.
Compared with abyssal peridotites (Johnson et al., 1990), the high degrees of melting in
the garnet lherzolite stability field experienced by the Savaii samples tup to 224 ), coupled
with their high total degrees of melting (33-42%) suggest a tantle plume ongin for these
xenoliths. The extreme variability of LREE enrichment in most of te xenohiths 1s
consistent with metasomatism by percolating basaltic and carbonatine melts which were
undergoing chromatographic trace element fractionation (Navon and Stolper. 19871 The
isotopic compositions of clinopyroxenes with "carbonatitic” trace element patterns from
both Savait and Tubuai indicate the presence of volatle-rich, isotopreally extreme
components in the Samoa and Macdonald mantle plumes. These components hikely have
their origins in reeyceled crustal materials,

Chapter 4 applies a relatively new geochemical tool. the Re-Os isotopic svstem, to
the analysis of oceanic island basalts with extreme 1sotopic signatures for 87Sr/M08r (EMILL
Savaii, Western Samoa and Tahaa, Society Islundsy and 200.207.208ph/204ph (HIML,
Rurutu, Tubuai, and Mangaia. Cook-Austral Islands). Re and Os are both chalcophile
(aftinity for sulfide) ard siderophile (aftinity for metal) clements. Os s stronglv depleted
in basaltic melts compared with Re. and so basaltic melts have much higher Re/Os ratios
than residual peridotites (Morgan, 1986). As a result of the different geochemcal properties
of Re and Os compared with other parent-daughter svsters, the analysis of Os isotopes in
the South Pacific OIBs was expected 1o vield new constraints on the originy of these
isotopically extreme mantle compositions. The RO /1800 ranos of the Savaii and Tahaa
basalts lie within the range of estimates for primitive and depleted mantle. but the high
B70s/1860s ratios in the HIMU basalts indicate the presence of reeveled oceanic crust in
their mantle sources, in agreement with previous studies (Chase, 1981 Hofmann and
White, 1982), and indicating that subducted oceanic hthosphere is reeveled into the lower
mantle. In addition. the homogeneity of the O isotope ratios in the basalts from Tubuai
and Mangaia require that melt migration through depleted mantle had an insigmificant effect
on the chemistry of these basalts. The wdentification of a Tow N SrA0S-high

5 YT 9 3 . . . . .
206,207 208 ph 204 py stgnature with recveled oceanic crust suggests its presence in the
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mantle sources of other oceanic basalts, including some high 200Pb/2%Pb mid-ocean ridge
basalts.

Chapter S examines the mantle mixing consequences of fluid flow in mante
plumes, modelled as the axisymmetric boundary layer rising from a point source of heat.
By incorporating experimentally and theoretically constrained mantle properties, the effects
of these properties on the entrainment of ambient mantle into plumes 1s evaluated. The
entrainment theory indicates that the entrained mantle originates almost entirely from below
1500 km depth. The Sr-Nd-Pb-He isotopic database on oceanic basalts indicates the
presence of a mantle component (FOZQO) which is present in many hotspots from around
the world. The results from entrainment theory, and the isotopic signatures of Q1B
confirm, that the entrainment of MORB source mantle (upper mantle) in mantle plumes s
minimal (except for ridge centered hotspots), and that both FOZO and the enriched mantle
components (EMI-EMII-HIMU) are located in the lower mantle. The combined
geochemical and fluid dynamic results suggest that mantle plumes may not originate from a
thermal boundary layer at 670 km depth, evidence which probably rules out layvered
convection.

Finally, the most important results of this research are integrated in Chapter 6. The
low concentrations of the most incompatible elements in mantle peridotite indicate that the
signature of recycled crustal components should be most clear in the isotopic signatures of
Th, Pb and Sr. The unique properties of the U-Pb system, due to the existence of two
parent-daughter systems in a single element-element pair, make this system a powerful tool
for studies of mantle peridotites. The U-Pb (and Th-Pb) isotopic systematics of pendotites
are very sensitive to resetting by recent melting and metasomatic processes, due to the
incompatibility of these elements. However, the age information contained in Pb-Pb
isochrons is more difficult to reset. requiring perfect homogenization, and thus the Pb-Pb
system is more likely to contain ancient age information than other isotopic systems.
Similar to the situation at mid-ocean nidges (Johnson et al., 1990), fractional melting in
mantle plumes requires that erupted melt products are mtegrated collections of small batches
of melt generated throughout the plume. However, the abundance of LREE ennched
xenoliths from oceanic islands indicates that melt extraction processes. and thus probably
also melt mixing processes, are more efficient at mid-ocean ridges than athotspots. Asa
result, the degree of chemical variability of the upper mantle cannot be evaluaicd from the
equivalent variability in MORB, and thus the upper mantle may not be as "well mixed™ as is
often suggested (White and Schilhing, 1978 Tto et al.. 1987). Although mixing processes
are likely to occur in mantle plumes, the expression of plume-ambient mantle nmuxing in the
chemistry of hotspot busalts is complicated by the mixing processes of plume-hthosphere
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interaction (Yuen and Fleitout, 1985; Gnftiths and Campbeil, 1991) and melt segregation
(McKenzie, 1984; Navon and Stolper, 1987; Kenyon, 1990). A more detailed inversion of
OIB geochemistry to examine the chemical structures of mantle plumes requires a better
characterization of plume-lithosphere interactions, and knowledge of the mechanisms of
melt extraction from the mantle beneath ridges and hotspots, both employing well
constrained rheological and physical parameters for the upper mantle.
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Chapter 2
U-Th-Pb Isotope Systematics of Peridotites and

Associated Mafic Rocks from the
Ronda Ultramafic Complex
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1. Introduction

Geochemical studies of mantle derived basalts and peridotites have established the
unequivocal existence of chemical heterogeneities in the earth’s mantle which require that
various segments of the mantle have evolved independently over time scales of up to
several billions of years (Tatsumoto, 1966; Gast, 1969; Brooks et al., 1976) The most
direct approach for examining the origins of these heterogeneities is through the study of
mantle peridotites, either xenoliths erupted to the surface by igneous processes, or
tectonically emplaced orogenic peridotite massifs. Orogenic peridotites offer the advantage
of examining mantle geochemistry within its geologic context, and their large size facilitates
direct observation of the scale of mantle heterogeneity.

Orogenic peridotite massifs (alpine, or high temperature peridotites) are large
bodies, up to several hundred square kilometers, typically composed of 90 - 95% lherzolite
and harzburgite with up to 5-10% mafic rocks occurring as bands or layers within the
peridotite. They are distinguished from ophiolite peridotites (low temperature peridotites)
by the lack of an associated volcanic section. Major element studies of orogenic penidotites
(Dick, 1977; Sinigoi et al., 1980; Quick, 1981; Sinigoi et al., 1983; Frey et al., 1985) have
determined that they are residues from various degrees of partial melting at mantle
pressures and temperatures (Kornprobst, 1969; Dickey, 1970; Obata, 1980). Their trace
element characteristics are consistent with this interpretation, but also suggest histories
more complicated than a single melt extraction (Frey, 1969; Loubet et al., 1975; Loubet and
Allegre, 1979; Loubet and Allegre, 1982). With a few exceptions (Reisberg and Zindler,
1986), the peridotites are almost exclusively depleted in the light rare earth elements
(LREE) relative to the heavy rare earths (HREE) (Bodinier et al., 1988), and in this way
are quite different from mantle xenoliths, which are dominantly LREE enriched (Nixon,
1987).

The origins of mafic layers in alpine peridotites have proven enigmatic. In some
cases, such as at the Lherz peridotite massif, some mafic rocks containing hydrous phases,
which exhibit cross-cutting relationships with an earlier generation of anhydrous matfic
layers, likely represent magma conduits associated with basaltic volcanism (Bodinier et al.,
1987). The origins and age relationships of mafic layers at other peridotite massifs are not
as clear, and they likely do not have a simple relationship to the peridotites (Loubet and
Allegre, 1982; Suen and Frey, 1987). Unlike the dominantly LREE depleted peridotites in
which they occur, the mafic layers often exhibit a variety of REE patterns. Theories
pertaining to the mafic layers suggest their origins as crystal cumulates from basic magmas
(Suen and Frey, 1987), melts of peridotite and/or an earlier generation of mafic lavers
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(Loubet and Allegre, 1982), and subducted oceanic crust deformed during manile
convection (Allegre and Turcotte, 1986).

Isotopic studies of orogenic peridotites have demonstrated that significant isotopic
heterogeneities exist on a variety of scale lengths (Menzies and Murthy, 1976; Polvé and
Allegre, 1980; Richard and Allegre, 1980; Reisberg and Zindler, 1986; Hamelin and
Allegre, 1988; Reisberg et al., 1989; Reisberg et al., 1991). Isotopic compositions of
peridotites display large ranges both within and between individual massifs. Isotopic
results on mafic layers from some massifs have demonstrated heterogeneities of the same
range as associated peridotites (Zabargad, Beni Bousera), while mafic rocks from other
massifs (Lherz) display a limited heterogeneity (Polve, 1983; Hamelin and Allegre, 198%).
Sm-Nd mineral isochrons from Ronda and Beni Bousera mafic rocks are believed to date
the time of emplacement of the peridotite bodies into the crust (Polvé and Allegre, 1980);
Zindler et al., 1983; Reisberg et al., 1989).

The long-term chemical variability of the mantle is reflected in the large range of the
radiogenic isotope ratios of Sr, Nd and Pb measured in basaltic rocks from oceanic islands
(ex. Zindler and Hart, 1986), as well as Sr and Nd isotopic studies of mantle peridotites
(Menzies and Murthy, 1980a.b; Stosch and Seck, 1980; Stosch et al., 1980). However,
investigations of the U-Th-Pb isotopic system in mantle peridotites have been hampered by
the very low concentrations of these elements in peridotite. As a result, we know little
about the geochemical behavior and residence sites of U, Th, and Pb in the mantle. Pb
1sotope analyses of whole rock peridotites are likely to be dominated by extraneous
contaminants (basaltic veinlets, alteration products, groundwater precipitates, etc.), as has
been demonstrated for the Rb-Sr and Sm-Nd systems (Zindler and Jagoutz, 1988). Thus
the analysis of purified mineral separates is the only way in which reliable Pb isotope data
can be obtained on mantle peridotite samples. This strategy presents a substantial analytical
challenge in two ways. First, a mineral separate must be prepared which is free of crustal
U, Th and Pb; this is even more crucial than for Sr and Nd analysis, because of the order
of magnitude lower U-Th-Pb concentrations (ppb. 10-? grams/g) in the constitutent
minerals. Second, analytical blanks must be reduced to a very low level for the chemical
separation procedure, in order to minimize their contribution to these small quantities of U,
Th and Pb. This is particularly challenging for Pb because of the pervasive nature of
anthropogenic Pb contamination. Once these potential sources of contamination are
characterized and eliminated, reliable U-Th-Pb data can be obtained on peridotite mineral
separates.

The Ronda peridotite. a 300 km? orogenic peridotite located in the Betic Corditlera

of southern Spain, has been the focus of numerous investgations (Dickey. 1970; Obata
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and Dickey, 1976; Dickey et al., 1977; Lundeen, 1978; Dickey et al., 1979; Obata, 1980;
Obata, 1982; Zindler et al., 1983; Frey et al., 1985; Reisberg and Zindler, 1986; Suen and
Frey, 1987; Reisberg et al., 1989; Reisberg et al., 1991), and is perhaps the most well
studied of the orogenic peridotites. The massif is mineralogically zoned from gamet
peridotite facies in the northwest, through spinel peridotite to plagioclase peridotite facies to
the southeast and east (Fig. 1, from Obata, 1980), and it is likely that this zonation reflects
the polybaric cooling history of the massif (Obata, 1980). Investigations by Frey et al.
(198S5), Zindler et al. (1983), Reisberg and Zindler (1986), Reisberg et al., (1989) and
Reisberg et al. (1990) have demonstrated that the massif underwent a partial melting event
at about 1.3 Ga. This melting event is reflected in the depletions of basaltic constituents
(Ca, Al, Fe, Ti, Na) in the peridotites, as well as depletions in Nd/Sm and Re/Os which
resulted in isochronous relationships between whole rock samples in the Sm-Nd and Re-Os
systems. This event was contemporaneous with the formation of the mafic layers, as
indicated by a whole rock Re-QOs isochron for the mafic layers with an age of 1.3 Ga
(Reisberg et al.,, 1990). A small portion of the eastern end of the massif was subject to a
metasomatic infiltration at about 300 Ma (Reisberg and Zindler, 1986). The massif was
subsequently emplaced into the crust, and cooled past the Sm-Nd clo ire temperature at
about 22 Ma (Zindler et al., 1983).

The Ronda ultramafic complex thus represents a well studied location in which to
investigate the geochemical behavior of U, Th and Pb in the mantle. In addition, the
purposes of this study are: 1) to demonstrate the feasibility of obtaining accurate and
reproducible U-Th-Pb data from mantle peridotite by analysis of mineral separates,
avoiding the contamination problems known to disturb the incompatible element
systematics of whole rocks; 2) to examine the scale of trace element and Pb isotopic
heterogeneity; 3) to examine correlations among the isotopes of Sr, Nd, and Pb at a variety
of scale lengths, 4) to document the isotopic character of the mafic layers, and 5) to further
evaluate models proposed for the origins of heterogeneity in the mantle, and at Ronda in

particular.

2. Sample Descriptions and Analytical Procedures

'The locations of all the samples in this study are shown in Fig. 1. Samples R140-
R148 and R163-R166 from the plagioclase facies were selected from mapped sections of
interlayered peridotite and mafic layers (Fig. 3). The remaining samples with the
designation Rxxx were selected to cover the geographic expanse of the massif; some of
these samples have been studied by Obata (1980), Frey et al., (1985), and Suen and Frey

(1987). A selection of saruples from the spinel and garnet facies studied by Reisberg et al.
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Figure 2. Derailed maps of the fine-scale sampling areas in the garnet and plagioclase
facies, after Reisberg (1988). A) Garnet facies sampling area. Shaded line marks the
location of a garnet-rich band. Sample 060R is located 15 cm above the band, sample
0S56R is located 35 cm below the band. Isotopic data from Reisberg et al. (1989) (Sr-Nd)
and Reisberg et al. (1990) (Os). B) Plagioclase facies sampling traverse.
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(1989) were also analyzed. Samples 0S0R, 051R, 056R, and 060R are from an area of
closely spaced sampling around a gamet-rich band of Iherzolitic composition (Fig. 2). In
addition, U-Th-Pb isotope data obtained by Alan Zindler on plagioclase facies samples
studied by Reisberg and Zindler (1986) are included in this chapter. Samples 002R, O08R,
009R, 013R, and O16R are from a small scale traverse in the plagioclase facies, and are all
located within 150 meters of each other (Fig. 2). Sample descriptions, petrographic
details, and additional data can be found in these references.

To avoid contamination during processing, samples were wrapped in plastic wrap
and cotton towels and crushed to 50-100 mesh size with a plastic mallet on a wooden
block. Plagioclase, clinopyroxene and garnet were concentrated magnetically and purified
by repeated crushing (with an agate mortar and pestle) and handpicking following
procedures similar to (Zindler and Jagoutz, 1988). Great care was taken to avoid
inclusions, films and subgrain boundaries known to host incompatible elements. At this
point, several representative grains of clinopyroxene and garnet were selected for analysis
by ion microprobe. Clinopyroxene separates were leached using two different procedures:
1) 2.5 N HCl at 100°C for 1 hr, followed by 5% HF at room temperature for 20 minutes,
followed by 2.5 N HCI at 100°C for 30 minutes; 2) 2.5 N HCI at 100°C for 1 hr, followed
by a solution of 8N HNQ3-0.6N HCI-0.05N HF at 100°C for 2 hr. Garnets were leached
using the first procedure. The second leaching procedure was later developed to ensure the
solution of U and Th during the leaching procedure, though repeat analyses of R238 cpx
indicate that the different leaching procedures did not fractionate U, Th, and Pb (see
below). Grains were rinsed with water between acid leaching steps, and finally the grains
were rinsed five times with water and dried at 75°C. Plagioclase was leached in 2.5 N HCI
at room temperature for 30 minutes. All leaching steps used reagents cleaned by sub-
boiling distillation in teflon stills, and took place in clean, filtered air. A detailed
description of the procedures for the sample dissolution, separation of U, Th, and Pb, and
mass spectrometry of these elements are given in the appendix.

REE and the trace elements Sc, Cr, Ti, Zr and Sr were analyzed in situ using a
Cameca IMS 3f ion microprobe, employing energy filtering to exclude molecular ion
interferences (Shimizu and Hart, 1982). Concentrations were determined through the use
of working curves based on a set of well determined standards. Precision of the analyses
is 5-15%, except for Ce and Nd in garnet, where precision is estimated at 40-50% and 20-
40% respectively. All concentrations with errors greater than 50% are reported as

maximum values.
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Mineral Sr N ~Nd t I'h (9
Facles (ppm) tppm) (ppini ipphn ipph) tppb)

MIT Samples
R2S cpx . 1) 0872 2ol [ERTEN 14y ¥ 21
Ri42 epx L a7 3712 K B4 NEETN i
R145 cpx Pl 237 4013 13 oxt) 1.737 3 22% 261
R163 cpx PL 173 2618 1 06d 0244 B
R165 ¢px pL. t4n 2827 7 763 [ 17 $4.2
R324 cpx Pl 113 0.084 0.364 214 223 123
R324 opx PL tY
R324 olivine PL 047n
R238 cpx #t SL 713 120 4214 11 e 246 429
R238 cpx #2 SL. .56 244 412
R238 spx St 02
R717 cpx St Tt 170 31 S
R8BSO cpx #1 SL 190 0 562 1276 NG
P856 cpx #2 St %37 3 80 418
R498 cpx Gl. LR 2088 6038 ¥ S3 286 149
R468 garnet GI. 283 1ss 146
RS2t cpx Gl 698 1618 4 348 & 8y 26t 173
R321 garnet Gl U650 0342 27 187 I 53
R618 cpx Gl 1036 2 194 TN 186 491 276
R618 garnet #1 Gl 02 0.749 0434 P 238
R618 garnet #2 G 3 L 21N
R740 cpx Gl 742 oo 5 460 SRR 100 387
R740 gamet Gl. 427 <17 968
LDGO Samples
002R cpx PL 181 0082 0471 256 218
DO8R cpx Pl. 21 % 0173 (0 73X 6 Sa 9 R
009R cpx pi. 206 (RN 0 493 9] 1949
013R cpx Pl 1% 8 0.091 0407 4.8¢ i s 288
D16R cpx PL. 287 0.09% (1426 513 329 2K &
403R cpx PL. 106 0 891 4 300 114 S92 S6 <
404R cpx PL 244 0 204 1 68 TR2 K7 631
414R cpx Pl 118 0072 (ORI 4 6% 7 XK
RE5-32 cpx #1 SL 429 1.137 2 S48 T 12 122
R85-32 cpx #2 St 471 114 K4 K
R#S-34 cpx St 46 8 () Y96 2444 178 934 270
R&5-35 cpx St 461 14010 2940 1S 0 K6 108
RE8S-41 cpx St 454 1.37u 280 8§ 9 I £
R85-43 cpx Sk 720 1 868 § 460 182 143 163
RES-47 epx SI. S33 1420 124 T 109
040R cpx Gl S 4 1 089 NEEN 2 XAl 54 G
0S0R cpx Gl 713 ARERE¢ 10 4 229 172
O51R cpx #1 Gl. 737 1410 4 Rus O 1387 13K
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056R cpx Gl 374 1181 2502 LI 1413 12
060R cpx GL 64 X 4 00 TaN X 40 173
Mafic Layers
R140 cpx PL 19 64yt 1443 B K
R141 cpx #1 P %2
R141 cpx #2 4 11 S e el
R148 plag . 1263 0 8is AT 4 Pal 78 3
R166 cpx PL. 101 (IR Ahig 5 s {IRT] 149
R301 cpx 41 St 189 0224 487K 37K 4K EEIN
R301 cpx 42 SE K G g 767
R256 cpx Gl 147 6 0.861 2.6 7 NS 212 227
R256 gamet Gl 0.3 0.400 02 oGS 1 6% 2749
R259 ¢px Gl 1138 0618 20 097 % 83 60y

Table 2a. Isotope dilution trace clement data for puneral separates from Ronda pendotites and mafw
lavers. Mineral facies deseribes focation of the sample B 1y in the plagioclase-Therzohte (PL)L spinel-
therzotite (S, and garnet-Therzohite (GL3 facies as defined by Obata (710801 Stoand Nd data for all
LDGO sampies are from Reisherg and Zindler (19863 and Renberg et al, 01989 U-Th-Pb data for
L.DGO plagiociase-facies samples are from Zandler (unpublbished dar.
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R85-3d ¢px St. .703330 51297 18.860 15898 39 198 0246 -2 N 258 10 $31
R85-35 cpx st 703380 512986 18711 15611 3R 859 028x HURE 43.51 19
R85-41 cpx SL 702170 513506 17701 154621 37.119 0294 10 94 2614 234
R85-43 cpx SL 703120 512773 17 989 15570 LIRS 0206 N 643 3.7
R85-47 cpx sL 02050 §13412 0261 V83
0O40R cpx GL 70320 5133523 17.659 15583 3737 G 2K2 104 J0KS 148
OS0R cpx GL 702710 513071 19 459 15.754 39204 481 1005 22
05.R cpx #1 Gl 702730 S13082 19.024 15.672 39.0604 0174 igar 74 68 314
051R cpx #2 GL 19020 15.696 38 968 0.174 HE IR RS 42 $93
056R cpx Gl T0R080 513631 18.613 15633 I8 3548 G285 4K K b } TR
OGOR cpx GL. 702150 513302 18.433 15 848 %136 3as 358 HEO
Malic Layers
R140 cpx PL 034114 512692 18.797 15.453 38.425 izl
Ri4] cpx #1 Pl 703269 512694 18.996 15,506 I8 A98
Ri41 cpx #2 Pi. J03264 512681 18.047 15.496 38 54) 0.290
R148 plag PL 702952 $12671 18,198 1SSt 37 KGR 0209 i HBR 03
R166 opx PL 703859 18 823 15.644 38 790 0236 N oo nzs
R301 opx #1 SL iR 614 15.69% 39.136 0.234 AR Q56 2 4%
R301 cpx #2 St 18,622 15723 39 341 2N Q08 237
R256 cpx GL 703242 512691 18.797 15 4R K612 0.200 N 790 300
R256 garnet Gl 105660 513333 18 927 %S08 1142 SO Re 2418 0.Ke
R259 cpx Gl 703093 513066 1R 90% 15.49) I8 3l 0143 6068 1046 HIE

Table 2b. Isotopic composition data for mincral separates from Ronda pendotites and mafic lavers. Minceral facies
describes location of the sample (Fig. 1) in the plagioclase-therzolite (PL). spinel-Therzolite (SL). and gamct-Thersolie
{GL) facics as defined by Obata (1930}, Pb isotope data for gamicts was normalized relatve 1o the 207Ph/204Pb ratio
of cpx from the same sample (seo text). Srand Nd daw for all LDGO samples are from Reisherg and Zindler (1986)
and Reisberg et al. (1989). U-Th-Pb data for L.DGQ plagioclasc-facies samples are from Zindler (unpublished data).
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rigurc 4. Chondrite-normalized trace clement patterns for clinopyroxenes from

Ronda peridotites. C)Ronda spinel-facics peridotites (LDGO samples). D) Ronda
plagioclase-facics peridotites (MIT samples). Cpx from R25 shows a negative Eu
anomaly, indicating equilibrium with plagioclase. Though samples R142 and R145
contain plagioclasc, cpx from these samples do not have Eu anomalics. Concave
downward patterns fo R142 and R145 arc probably inherited from adjacent mafic layers.
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Figurc 4. Chondritc-normalized trace clement paterns for clinopyroxenes from

Ronda peridotites. E) and F) Rondaplagioclase-facies peridotites (LDGO samples).
Most samples show varying degrees of LREE cenrichment, except 407R with a concave
downward pattern similar to peridotites near mafic layers (R142, R145, Fig. 4d).
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3. Results
3.1 Trace element concentrations

Ion microprobe results are given in Table 1. Compared to peridotite cpx, mafic
layer cpx have on the average higher Ti, Zr, and REE concentrations, though there is a
large overlap in REE abundances. Mafic layer and peridotite cpx have similar abundances
of Sc and V, whereas peridotite cpx have higher Cr abundances. All elements from the
peridotite cpx show significant variations: factor of 2 for V and a factor of 3 for Cr, while
Ti and Zr vary by almost two orders of magnitude. For mafic layer cpx, the range in Ti
and Zr is only about a factor of 3, but Cr varies by a factor of 7. There is a large vanation
in Sr in cpx from both peridotites and mafic layers, but this is related to the partitioning of
Sr into plagioclase in some of the samples (peridotites R25, R142, R145, R163; mafic
layers R140, R141), though in most of the samples from the plagioclase facies studied by
Reisberg and Zindler (1986) (002R, 013R, 016R, 403R, 404R, 414R), plagioclase has not
been observed in thin section. The two plagioclase facies peridotite samples from the
section interlayered with mafic layers (R142, R145) have cpx with higher Ti and Zr than
the rest of the peridotite cpx. For both mafic layers and peridotites, Ti/Zr in cpx is
generally near the chondritic ratio of 111 (Anders and Grevesse, 1989). Most of the
samples are LREE depleted (Fig. 4a-d), with (Ce/Sm)y ranging from 0.1 to 0.95, with no
systematic differences between peridotites and mafic layers. The plagioclase facies
peridotite samples 002R, 008R, O09R, 013R, 016R, 403R, 404R, 414R, and R324 (mafic
layer) from the far eastern end of the massif (Fig. 1) contain clinopyroxenes which are
LREE enriched (Fig. 4e,f). Some cpx from the plagioclase facies samples display small
negative Eu anomalies (R25, R140, R141), and the low Sr concentrations in these cpx
indicates equilibration with plagioclase. With the exception of Sr, Ti and Zr in cpx from
R142 and R145, and the LREE enriched samples from the plagioclase facies traverse, no

systematic variation of trace elements or REE pattern with mineral facies is evident.
3.2 U-Th-Pb Isotopic Data

In order to assess the accuracy of the U-Th-Pb concentrations, clinopyroxene
separates from peridotite R238 and mafic layer R301 from the spinel facies were each split
into two fractions and leached by different techniques:

CPX#1) 2.5 N HCI-100°C-60 min.; 5% HF-25°C-20 min.; 2.5 N HCI-100°C-30 min.

CPX#2) 8N HNO3-0.6N HCI-0.05N HF mixture at 100°C for 2 hours
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In both cases, CPX#1 was leached so that about 10% of the sample was dissolved away,
while CPX#2 experienced 30% partial dissolution. As shown in Table 2, the U, Th and
Pb concentrations are reproduced to better than 5%, except for the U concentrations of
R238 cpx which are different by 17% (the higher value may be the result of a high loading
blank for U). In both cases, the Pb isotopic compositions are reproduced within the quoted
precision of 0.07%/amu. This indicates that the leaching procedure did not fractionate U,
Th and Pb from each other, yet removed any extraneous components which may have
resided on grain surfaces, as indicated by the reproducible isotopic compositions. As a
result, the precision of the U-Th-Pb concentrations is estimated at 5%, and the uncertainty
in the Pb isotopic composition is estimated at (0.07%/amu.

Two other samples for which replicate analyses were performed show poorer
agreement for both concentrations and isotopic compositions (R85-32, 051R, Table 2). In
this case, the two analyses for each sample correspond to different magnetic fractions of
clinopyroxene, with the first analyses (cpx 1) corresponding to the more magnetic
fractions. All of these aliquots were of very high quality, and leached using leaching
method #2. However, during leaching, the more magnetic fractions experienced about 5-
10% partial dissolution, whereas the less magnetic fractions were partially dissolved to 15-
30% using exactly the same procedure. The reason for this is unclear. However, based on
the difference in the Pb isotopic compositions of the pairs for each sample, it would seem
that the different magnetic fractions may be slightly heterogeneous. This explanation is
contrary to the work of Reisberg et al. (1989), who demonstrated that different magnetic
fractions of clinopyroxene from sample 407R were in Sr and Nd isotopic equilibrium.

Data for the U-Th-Pb system is given in Table 2 and plotted in Fig. 5. Large
variations in the abundances of these elements are evident: Pb varies from 8 to 357 ppb. U
varies from <1 to 78 ppb, and Th varies from <1 to 286 ppb. For the plagioclase and
spinel peridotite cpx, the U and Pb concentrations are similar to cpx from other orogenic
peridotite massifs studied by Hamelin and Allegre (1988), as well as cpx in xenoliths from
San Carlos (Galer and O'Nions, 1989) and Dish Hill (Meijer et al., 1990). The gamet
peridotite ¢px have Pb concentrations similar to some samples reported by (Kramers et al..
1983) and (Cohen et al., 1984), but are generally lower than ¢px concentrations reported in
other studies (Zartman and Tera, 1973: Kramers, 1977; Kramers, 1979). The Th analyses
of Kramers (1977) are much higher than concentrations for Ronda cpx. but this may be due
to the autolithic nature of those ¢px from kimberlite. U concentrations are distinctly lower
than cpx analyses reported by Kramers (1979) and fission track results (Kleeman et al.,
1969; Haines and Zartman, 1973). Some of these differences could be due to

contamination of the fission track analyses by glass inclusions and kimberlite alteration
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Figure 5. A) U versus Pb concentrations (ppb) in clinopyroxenes from Ronda
peridotites and mafic layers. The clinopyroxene data fall into two groups based
on U/Pb ratios with average p (u=238U/204Pb) of 13.6 and 3.2. Most of the
garnct-facies epx fall in the low-y group. while most of the plagioclasce-facies data
fall into the high-p group. B) Th versus U data for clinopyroxenes. The positive
trend indicates an average ThAU of 3.96: however, the low-p group has an average

Th/U of 2.5, and the high-p group an average ThAU of 4.20.
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products. The low concentration of Pb in some plagioclase facies samples (peridotites
R25, R142, R145, R163, 404R; mafic layers R140, R141) may be attributed to
partitioning of Pb into plagioclase. Unfortunately, plagioclase in the peridotite samples is
badly altered, and cannot be trusted to give reliable Pb isotopic information. In general, the
range in concentration follows the relative incompatibility of the elements in cpx; the most
highly incompatible elements display the greatest range. As a consequence, Z8U/2MPb
() ranges from 1.17 to 78.8, and Th/U ranges from 0.45 to 6.94 for cpx. Garnets are
characterized by very low abundances of U (2.7-4.3 ppb), Th (1.4-5.2 ppb) and Pb (1.5-
9.7 ppb), but have high p (28-122). The single plagioclase analyzed is characterized by
high Pb and low U and Th abundances. Clinopyroxenes from garnet facies peridotites
show high abundances of U, Th and Pb relative to other peridotite ¢cpx, with the exception
of R85-32 from the spinel facies.

The cpx data fall into two groups based on their U/Pb ratios (Fig. 5a). One group
has generally high concentrations of Pb (>70 ppb) and low U/Pb ratios (average [1=3.2,
low-lL group); the other group has generally lower Pb concentrations (<70 ppb) and higher
U/Pb ratios (average pl=13.6, high-Ul group). These two groups also have different Th/U
ratios; the average Th/U of the low-l group is 2.5 whereas the high-l4 group has an
average Th/U of 4.2.

Lead isotope ratios are given in Table 2 and plotted in Figure 6. For the Pb isotopic
analyses of the gamet separates, the amount of Pb analyzed was exceedingly small (150-
500 pg), and suffered from a hydrocarbon interference on ZPb during mass
spectrometry. In order to correct for this effect, the gamet Pb isotope data was corrected
by normalizing the measured 297Pb/2MPb relative to 207Pb/2™Pb measured for
clinopyroxene from the same sample. The 207Pb/2%Pb ratio of cpx from sample R145
also likely suffers from this effect, and so the Pb isotope data for this sample is not plotted
in Fig. 6. The amounts of Pb analyzed for R238 opx, R324 opx and R324 olivine were
also quite small, but did not suffer from this hydrocarbon interference. Analytical
uncertainties for these Pb isotopic compositions are on the order of 0.25% /amu.

For the peridotites, large ranges in 27°Pb/299Ph (17.047-21.688), *7Pb/2%Ph
(15.203-15.799) and 208Pb/ZMPhb (36.277-41.930) are evident, exceeding the range of Pb
isotopic compositions reported for oceanic basalts. The large spread in 277Pb/2MPh is
clearly well outside analytical uncertainty. The garnet and spinel facies samples larsely
overlap in Pb isotopic composition, and the 207Ph/201Ph-206ph/2MPh data for these
samples scatter about a Pb-Pb isochron with an age of 3.1 Ga (Fig. 6a): the gamet-facies

samples are particularly well have particularly well correlated 27Ph/2%Ph and 2% Ph/2MPh

(with one exception). The samples from the plagioclase facies traverse are shifted 10 higher
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206pb/2%4Ph than the spinel and garnet facies samples (Fig. 6a). The whole-rock Pb
isotope data from the Beni Bousera orogenic penidoute nmussit exhibits a similur range for
all the Pb isotope ratios, while Pb isotope data tor whole rocks from the Lherz and
Zabargad orogenic peridotites are more restricted and have lower 2V7Ph/2MPh rutios
(Hamelin and Allegre, 1988). Pb isotope results for cpx separates from xenoliths from the
southwestern United States reported by Galer and O'Nions (1989) und Meijer et al. (1990)
are distinctly less radiogenic and have lower 207Pb/2%Pb. Peridotite xenoliths from Africa
(Kramers, 1977, 1979; Cohen et al., 1984) also show large ranges in Pb isotopes in their
constitutent clinopyroxene. The normalized 2%Pb/2MPb and 29Pb/2MPb ratios in garnets
from samples R498, R521, R618, R740, and R256 are¢ more radiogenic than the values for
their corresponding cpx (Table 2). Many of the gamet and spinel facies samples have high
207pp/2M4Ph relative to 206Pb/2MPh, suggesting the possibility of crustal contamination.
However, these same samples do not have high ¥'Sr/A0Sr and low M3Nd/'*4Nd signature
of continental crust (Fig. 4c-d). New Sr and Nd isotope data for the MIT samples largely
fall within the range of values measured by Reisberg and Zindler (1986) and Reisberg et al.
(1989). Sample R238 is notable for its very low 57Sr/4%Sr and Pb isotopic compositions.
Sample 040R from the garnet facies has high 27Pb/?Ph, and lics to the lettof the 3.1 Ga
isochron and the 4.55 Ga geochron. This sample has high " INd/MNd, but also has
fairly high 87Sr/%Sr as noted by Reisberg et al. (1989); these characteristics are quite
different from the other garnet-facies samples in which ¥St/%Sr and the Pb isotopes are
well correlated.

Mafic layers from Ronda display a much smaller range in <U0Ph/=*Ph (18 20)-
18.95) and 298Pb/204Pb (37.88-39.34) than the peridotites, but display a sigmificant runge
in 207Pb/2MPh (15.45-15.74). The mafic lavers do not exhibit any svstemanc differences

in 1sotopic compositions with mineral facies.

4. Discussion
4.1 Partitioning of U, Th, and Pb in Peridotite Minerals

In order to determine the host phases for U, Th, and Pb in mantle peridotites.
analyses of olivine, orthopyroxene, and gamet were made on several samples. and the
relevant mineral/mineral partition coefficients are given in Table 3. Olivine and
orthopyroxene contain essentially no U and Th {measured amounts were essentially
ndistingrishable from blaun lovels), but were found 1o hosta small amount of Ph.
Though the absence of U and Th in these minerals suggests minmmal contamination. the
olivine and orthopyroxene analyses are not in Ph isotopic caumlibrium with their

corresponding chnopyroxenes (Table 2). This suggests that the olivine and opx mineral
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U Th Pb Pb Pb
Sample Dgt/cpx Dgt/icpx Dgt/cpx D ol/cpx D opx/cpx
R238 <0.0184
R324 <0.0080 <0.0155
R498 0.331 0.0607 (0.0098
RS521 0.304 0.0717 0.0164
R618 0.0379 0.0085
R740 0.164 0.0320 0.0079
R256 0.248 0.0694 0.0123
Average 0.262 0.0543 0.0110 <0.0080 <0.0170
Du DTh Dro Du/Dpb Drn/Du

cpx/melt 0.006 0.013 0.01 0.6 2.2

garnet/melt  0.0016 0.00065 0.00011 14.5 0.41

Table 3. Partition cofficients for U, Th, and Pb. Average cpx/melt partition <. .:fficients
are from: (Pb) Watson et al. (1987) and (U, Th) LaTourrette and Burnett (1992).
Gamet/melt values are calculated from the gamet/cpx and cpx/melt data.
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Figurc 7. A) Sm-Nd and B) U-Pb isochron plots for gamct-cpx pairs from Ronda gamct peridotites
(R521,R618,R740) and a gamnet-bearing mafic layer (R256). Uncertaintics (26) are cstimated at
H).0035% and 0.5% on 143Nd/144Nd and 147Sm/144Nd, respecuively, and H0.14% and +0.5% on
206Pb/204Pb for cpx and garnct, respectively, and 20% on 238U/204Pb. The U-Pb ages of R618 and
R256 are within crror of Sm-Nd gamet-cpx ages from Ronda garnct peridotites (Reisherg ct al., 1989)
and Rb-Sr dates of anatectic country rocks (Pricm ct al., 1979). Isochron ages of R521 and R740 are
within error of each other, but outside the range of previously reported garnct-cpx Sm/Nd ages. The
Sm-Nd and U-Pb ages of R618 arc concordant, but thosc of R521 arc not, suggesting the possibility of
a very slight U or Pb contamination of R521 garnct, and probably R740 gamnet.
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separates may have contained a small amount of a contaminant with low U/Pb and Th/Pb
ratios. Thus the olivine/cpx and opx/cpx partition coefficients given in Table 3 are
considered to be upper limits.

Figure 7 shows the Sm-Nd and U-Pb systematics of garnet-cpx pairs from Ronda
garnet peridotites (R 521, R618, R740) and a garnet bearing mafic layer (R256). The Sm-
Nd ages are within error of a Sm-Nd isochron age on a garnet-bearing mafic layer analyzed
by Zindler et al. (1983), and gamet-cpx Sm-Nd ages measured by Reisberg et al. (1989)
on Ronda garnet peridotites. The U/Pb ratios and Pb isotopic compositions of garnet from
the gamet-bearing samples listed in Table 2 are distinctly higher than their corresponding
clinopyroxenes. On a 238U/204Pp-206Pb/204Pb isochron diagram, these gamet-cpx pairs
display a range of ages from 17.3 Ma to 44.0 Ma, with large errors (Fig. 7b). The mineral
isochron ages for R256 and R618 are within error of the Sm-Nd gamet-cpx ages
determined by Zindler et al. (1983) for a Ronda gamet-clinopyroxenite (21.5+1.8 Ma), and
by Reisberg et al. (1989) for Ronda garnet peridotites (21.0+7.0 Ma 10 24.5+7.3 Ma). In
addition, these ages are in agreement with Rb-Sr ages of about 22 Ma for anatectic granites
associated with the peridotite massif (Loomis, 1975; Priem et al., 1979). However, the
garnet-cpx pairs for R521 and R740 are different from the above ages, though they are
within error of each other. The Sm-Nd and U-Pb ages for R618 are concordant, but those
for R521 are not. The most likely explanation for this discordance is a slight Pb
contamination of the R521 garnet separate. For the 232Th/204Pb-208Ph/204pb system, two
of the garnet-cpx pairs are essentially in equilibrium, while R618 gives a gamet-cpx age of
41.6 Ma, and R521 gives a garnet-cpx age of 140 Ma (not shown). The larger amount of
noise in the Th-Pb system is probably the result of a smaller Th/Pb fractionation between
garnet and cpx, compared with the large fractionation in U/Pb (Table 2). The U-Pb ages
are barely resolvable, and probably represent the lower limit obtainable for mantle derived
garnex peridotites.

These age relationships indicate that the minerals of the Ronda peridotites were in
Pb isotopic equilibrium 20 Ma ago. As a result, the partitioning relationships for U, Th.
and Pb between garmet and cpx are more well constrained than for olivine and
orthopyroxene, and the garnet/cpx partition coefficients given in Table 3 are considered to
represent a close approach to equilibrium. These results indicate that gamet is a significant
host for U in the mantle, and to a lesser degree also for Th and Pb. This is reflected in the
high U/Pb ratios and low Th/U ratios of these garnets compared with their corresponding
clinopyroxenes. These mineral/mineral partitioning results indicate that, of the major
anhydrous silicate phases present in mantle peridotite, clinopyroxene and garnet are

effectively the dominant host phases for U, Th, and Pb. Even though opx and especially
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olivine are modally abundant in peridotites and contain measurable amounts of Pb, they
contribute litde Pb to the whole rock budget.

The garnet/cpx partition coefficients indicate that the relative solid/melt partitioning
behavior of U and Pb depends on the garnet/cpx ratio in the bulk rock. Assuming that
garnet and clinopyroxene are the only phases which influence U and Pb partitioning in a
gamet lherzolite, the ratio Dy/Dpy, for the bulk rock is:

Dy ) xcpx Df}px/l + Xgl Dﬁl/l
Prs Xepx D;%xn + Xt D%i)“ (1

where Xmineral=weight fraction of the mineral in the bulk rock, and D! is the solid/melt
partition coefficient for element i in phase j. Substituting in the expressions:

R= Xgl/chx (2)
Devepx pepxl = pefl - (3)
and the average gamnet/cpx values from Table 3, equation (1) reduces to:

Dy _ DIP*'(1 +0.26R)
Deo pp(1+0.011R) (4

Watson et al., (1987 ) determined values of .009-.0125 for Dp,P*t . Given the
probability of Pb loss to Pt loops used in these experiments, this value likely represents an
upper limit. LaTourrette and Burnett (1992) have measured values for Dy of 0.0034-
0.015 and Dp,eP*! of 0.008-0.036, and demonstrated that DyeP*! is highly dependent on
oxygen fugacity due to multiple valence states of U, with the values of DysP*/ decreasing
with increasing fO; and increasingly oxidized U valence states. These values are higher
than the value of DyP¥! = 0.0003 determined by Watson et al. (1987); these experiments
were performed in air at 1 atm, and so U*0 is likely to be present in their charges (Watson
etal.,, 1987). By consideration of equation (4), it is clear that the ratio Dy/Dpy, for the bulk
rock increases with increasing gamet/cpx ratio. This is due not to an increasing
compatibility of U, but a decreasing compatibility of Pb with increasing gamet/cpx ratios.
Within the uncertainty in the relevant partition coefficients of U and Pb, it is apparent that

the ratios Dy/Dpy, and Dpy/Dpy, may exceed unity. During melting of a garnet-bearing
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assemblage, the result of this effect would be to leave a residue with a higher U/Pb and
Th/Pb ratios than before melting. In addition, the ratio Dny/Dy will be lower in a garnet-
bearing peridotite than in a gamet-free peridotite. Thus, the Th/U ratio in a partial melt of
garnet peridotite should have higher Th/U than a melt of spinel peridotite; this is consistent
with the generally higher Th/U ratios of OIB compared to MORB (ex. Tatsumoto, 1978).
Though a large degree of uncertainty still remains about the precise mineral/melt partition
coefficients for U, Th, and Pb, it is clear that the retentior of gamet in a residue of melting
will leave that residue with higher U/Pb, Th/Pb, and lower Th/U than a gamet-free residue
of melting. As a result, it is possible that a peridotite which is residual after partial melting
in the gamnet stability field may develop radiogenic Pb isotope ratios, even though itis a
residue of melting.

4.2 U-Th-Pb Budget of Mantle Peridotite

Figure 8 shows the 2381J/204pb-206pp/204Ph data for the Ronda clinopyroxenes.
The data are not well correlated, but nonetheless show a broad positive rend. The cpx data
scatter on both sides of a 3.1 Ga reference isochron, which corresponds to the 3.1 Ga Pb-
Pb isochron in Fig. 6a. If the whole rock Ronda peridotites lie on the 3.1 Ga reference
isochron, the cpx data indicate the possible presence of U and Pb (and Th) in the whole
rock budget which is not contained in clinopyroxene; thus the clinopyroxene U/Pb ratio
would not be representative of the whole rock U/Pb ratio. The cpx data from the garnet
facies lie largely to the left of the isochron. This is consistent with the presence of gamnet in
these samples, and thus the bulk rock U/Pb ratios of the garnet-bearing samples would be
shifted toward the isochron once the U-Pb budget of gamet is accounted for. However, a
number of clinopyroxenes from spinel- and plagioclase-facies samples, as well as cpx from
mafic layers, also lie to the left of the isochron, suggesting that some of the U (and Th)
budget of these whole rocks may not reside in clinopyroxene.

The studies of Zindler et al. (1983) and Zindler and Jagoutz (1988) have
demonstrated that most of the budget of the highly incompatible elements in whole rock
ultramafic samples resides as a labile component along grain boundanes. though the extent
to w.dch this material is indigenous to the sample 1s difficult to determine. Thus it cannot
be excluded that U, Th, and Pb may have resided on grain boundaries. and may have been
lost during leaching of the mineral separates. However, the agreement of the U-Pb gamet-
cpx isochron ages with the Sm-Nd gamet-cpx ages could be used to argue that the U, Th.
and Pb which may have resided at grain boundaries was not a component which was
indigenous to these samples. Rutile has been observed as inclusions in garnet in some
garnet-bearing mafic layers (Obata, 1980), and since this mineral has high U and Th

concentrations and high U/Pb and Th/Pb ratios, small amounts of this mineral in the bulk
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Figurc 8. U-Pb isochron diagram for clinopyroxenes from Ronda peridotites and mafic
layers. The 3.1 Ga reference isochron corresponds to the 3.1 Ga isochron shown in
Figurc 6a. The data show a broad positive corrclation, but do not define an isochron.
Clinopyroxenc data lie on both sides of the 3.1 Ga reference isochron; if the Ronda
whole rock peridotites lic on a 3.1 Ga isochron, the cpx data indicate the possible
presence of trace U (and Th) and Pb bearing phases in the peridotites.
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rock could conceivably result in low U/Pb and Th/Pb ratios in constitutent ¢px of gamet-
free samples. Though this mineral was not observed in the samples studied here, smau
amounts of this phase may have escaped detection. Alternatively, if these samples
represent residues of melting, or the products of crystallization from a maic melt, the low
U/Pb and Th/Pb ratios may be the result of lower solid/melt partition coefficients for U and
Th than for Pb.

Nearly all the plagioclase facies samples, as well as samples R238, R717, and R85-
34 from the spinel facies, seem to have U/Pb, Th/Pb, and Ce/Pb ratios in clinopyroxene
which are in excess of these ratios for the remaining samples (Figs. 5,8). This suggests
that Pb may be partitioning into phases other than clinopyroxene in these samples. In the
case of samples R25, R142, R145, R140, and R141, the low Sr/Nd ratios of the cpx
indicates that Pb has been partitioned into plagioclase, leaving the constituent cpx with high
U/Pb, Th/Pb, and Ce/Pb ratios. The remaining plagioclase facies samples (002R-404R)
have normal Ce/Sr ratios and high Sr/Nd ratios, and plagioclase has not been observed in
these rocks. These samples are LREE enriched. and thus U, Th, and the LREE may have
been enriched relative to Pb in these samples. This could also account for the high Pb
isotope ratios of these samples, which are from the east end plagioclase facies raverse
(Fig. 1). However, clinopyroxenes in peridotite xenoliths from San Carlos (Galer and
O'Nions, 1989), which are plagioclase-free and dominantly LREE depleted, also have high
Ce/Pb arnd U/Pb ratios (Figs. 8-10). (Ce concentrations for San Carlos cpx were estimated
by extrapolation of the REE slope between Nd and Sm).

Figure 9b shows a plot of St/Pb versus Pb concentration for the Ronda and San
Carlos clinopyroxenes; this plot tends to "normalize” the effect of cpx equilibration with
plagioclase, since both Pb and Sr partition into plagioclase. The data for the plagioclase
facies samples lie systematically below the trend defined by the Ronda spinel- and garnet-
facies samples and the San Carlos data: this suggests that the plagioclase/cpx partition
coefficient for Sr may be higher than for Pb. Figure 10a shows that the U/Pb ratio in ¢px
is also a strong function of the Pb concentration in cpx. Figure 10b shows that those
samples with high Ce/Pb also tend to have high U/Pb; this is also indicated by the San
Carlos cpx data. In addition, though there 1s a good correlation between Smy/Nd and
143Nd/1*4Nd in the Ronda cpx data (Reisberg and Zindler, 1986: Reisberg et al., 1989),
the measured U/Pb ratios of the Ronda cpx are not correlated with high 206Pb/204ph,
Taken together, these features of the cpx data suggest the possible influence of an
additional Pb bearing phase in the Ronda peridotites (and also the San Carlos xenoliths).

Pb in the Ronda peridotites may have partitioned into a trace phase such as sulfide.

For example, assuming that all the U and Ce i a peridotite 1s contained in ¢px, and
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Figurc 9. A) Ce/Pb versus Pb for clinopyroxencs from Ronda peridotites and

mafic layers. Cpx with Pb concentrations greater than about 70 ppb have Ce/Pb

ratios ncar the oceanic basalt average of 25 (Hofmann ct al., 1788). Howcver,

most of the data define a negative trend. Ce data for cpx from San Carlos xenoliths

(Galer and O'Nions, 1989) were estimated by extrapolation of the REE pattern
between Nd and Sm. B) Sr/Pb versus Pb in Ronda clinopyroxencs. The data,
including data for ¢px from San Carlos xenoliths, define a negative trend,

suggesting that the bulk solid/melt partition coefficient of Pb is less than that of Sr.
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assuming 5% modal cpx, 0.4% of a sulfide phase with a Pb concentration of 10 ppm
(Meijer and Rogers, 1990) in sample R238 would drop the whole rock Ce/Pb ratio to 51,
which is well within the range of other cpx Ce/Pb ratios, and p would decrease t0 7.75
(the single stage value indicated by the position of R238 near the geochron). Though it has
not been firmly established that sulfide is a major host for Pb in the mantle, its role cannot
be excluded. If sulfide is an important host for Pb in mantle peridotite, then the U/Pb,
Th/Pb, and Ce/Pb ratios measured in clinopyroxene would not be representative of the
whole rock. This is supported by th= lack of a correlation between U/Pb and 206Pb/204Pb
for the cpx data. However, based on the fact that the 238U/20Pb and Ce/Pb ratios
measured in the Ronda cpx are reasonably close to values estimated for the mantle.
(Hofmann et al, 1988), the fraction of the whole rock Pb budget which is "missing” from
clinopyroxene probably amounts to no more than about 50% in the most extreme case.
4.3 Ce/Pb Ratios of the Ronda Peridotites

The Ce/Pb ratio of MORB and OIB appears to show relatively little variation around
a value of 25 over a wide range of concentrations (Newsom et al., 1986), suggesting that
this value is representative of the present day upper mantle (Hofmann et al., 1986). Based
on this observation, Hofmann et al. (1986) have proposed that the apparent peridotite/melt
partition coefficients for Ce and Pb are very similar. If true, this implies that the Ce/Pb
ratio in residual mantle peridotites should also be around a value of 25. The above
arguments suggest that the Ce/Pb ratios measured in cpx are not representative of the whole
rock peridotite. If sulfide is an important Pb-bearing phase in mantle peridotite, then the
Ce/Pb ratios of the Ronda clinopyroxenes will be systematically higher than the bulk rock
peridotites. This will probably be most important for the samples which show low Pb
concentrations in clinopyroxene. Figure 9a shows a plot of Ce/Pb versus Pb for the Ronda
clinopyroxenes, as well as Ce/Pb estimates for cpx from San Carlos xenoliths studied by
Galer and O'Nions (1989). The data at high Pb concentrations scatter about the oceanic
basalt average. The negative correlation at low Pb concentrations may be the result of cpx
equilibration with either plagioclase or sulfide, as mentioned above. If true, the bulk rock
Ce/Pb ratios would be lower than the cpx Ce/Pb ratios. We cannot correct for this effect
without knowledge of the relevant partitioning relationships for plagioclase and sulfide.
However, from Fig. 10b is is clear that such a correction could lower both Ce/Pb and U/Pb
from the high values measured in cpx to lower values thought to be more representative of
the mantle. Given these uncerntainties, the relative incompatibilities of Ce and Pb cannot
strictly be determined by comparing the Ronda ¢px Ce/Pb data to the Ce/Pb ratios of
oceanic basalts.
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However, if Ce and Pb are not fractionated at the degrees of melting represented by
MORB and OIB, and thus have closely similar bulk solid/liquid partition coefficients
(Hofmann et al, 1986), the Ronda data suggest that Ce and Pb concentrations in a partial
melt are determined by two different phases (cpx for Ce, cpx and sulfide for Pb). The
existing experimental partitioning data for Ce indicate a clinopyroxene/melt partition
coefficient of about 0.15 (ex. Irving, 1978). However, Watson et al., {1987) measure a
cpx/melt partition coefficient of 0.009-0.012 for Pb. This would seem to require an
additional phase to buffer the Pb concentration in both residual peridotite and cumulate
rocks in the mantle, possibly the aforementioned sulfide.

Based on the observations that both Nd and Pb isotope ratios in MORB are
generally higher than bulk silicate earth estimates (Tatsumoto, 1966), some process must
be acting on the upper mantle to decouple U/Pb and Sm/Nd fractonations. Newsom et al.,
(1986) and Hofmann et al., (1986) have pointed out that the continental crust has a lower
Ce/Pb ratio than the mantle (Ce/Pb=9), and it has been suggested that the mechanisms
which create the continental crust are responsible for this fractionation (e.g. (Hofmann,
1988)). This would seem to implicate the continental crust as a major reservoir of Pb,
including unradiogenic Pb which may balance the radiogenic character of mantle Pb (Doe
and Zartman, 1979; Hart, 1988; Reid et al., 1989). A strong transfer of Pb from the
mantle to the crust would suggest that the Pb isotope evolution of the mantle may be more
highly influenced by the processes of crustal growth and recycling than Sr and Nd isotope
evolution.

4.4 Peridotite Sr-Nd-Pb Isotope Systematics

In general, among the samples from the spinel and gamet facies, 200Pb/204Pb is
positively correlated with 87Sr/86Sr (Fig. 6¢). This feature is also present within the small
scale sampling area in the garnet facies. The samples from the plagioclase facies traverse
show little variation in 37Sr/36Sr, despite a large variation in 206Pb/204Pb, The Sr-Pb
1sotope data are suggestive of mixing between a MORB-like component and HIMU (Fig.
6a). For 143Nd/144Nd, the overall data, as well as the data from the gamet facies sampling
area, show a broad negative correlation with 296Pb/203Pb, but this correlation breaks down
in the small scale sampling area within the plagioclase facies (Fig. 6d). In particular, many
samples plot outside the range of oceanic basalts, with both high and low **Nd/144Nd for
a given 206Pb/20Pb, The samples from the plagioclase traverse, with radiogenic
206pb/2MPb, have lower 143Nd/144Nd than HIMU: in addition, these peridotites have low
I8705/1860s (Reisberg et al., 1990), unlike the high '870s/1860s signature of HIMU
(Chapter 4). Given our present knowledge of U, Th, and Pb partitioning between mantle

minerals and basaltic melts, the Nd-Pb systematics of the garnet facies data are consistent
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with these samples being residues of melting. In particular, samples with high
143Nd/144Nd have very depleted REE patterns, but these samples have both high and low
206pb/204Pb; this is consistent with the similarity of the mineral/melt partition coefficients
of U and Pb (Table 3), since the residue may have U/Pb higher or lower than before
melting. The lack of a correlation between 43Nd/144Nd and 206Pb/204Pb within the
plagioclase facies traverse is probably related to the metasomatic event suggested by
Reisberg and Zindler (1986). In particular, the varying degrees of LREE enrichment of
these samples (Fig. 4e-f) is consistent with metasomatism by percolating melts (¢.g. Navon
and Stolper, 1987). However, given the limited variability of these REE patterns, it is not
possible to constrain the composition of this metasomatizing agent.

Taken as a group, the samples from the gamet and spinel facies define a linear trend
from low Pb isotope ratios near the geochron (R238) to very high 207Pb/204Pb ratios for a
given 206Pb/204Pb, and scatter about a Pb-Pb isochron with an apparent age of 3.1 Ga
(Fig. 6a). Even if the 207Pb/204Pb-206Pb/204Ph trend represents a mixing array, this age is
indicative of the time needed to generate this degree of heterogeneity in 207Pb/204pb.  If
this trend were due to contamination of the peridotite by a crustal component, then the
samples with high 207Pb/204Pb ratios would be expected to have the slightly high
208pb/204Pb, high 87Sr/86Sr and low 143Nd/144Nd signature of continental crust, which is
evidently not the case (Figs. 6¢,d).

The apparent 3.1 Ga Pb-Pb age is in excess of the whole-rock isochron ages of 1.3
Ga (Sm-Nd, Reisberg and Zindler, 1986) and 1.2 Ga (Re-Os, Reisberg et al, 1990)
previously determined for Ronda peridotites. The evidence is strong that the Sm-Nd and
Re-Os ages date a melting event (Reisberg and Zindler, 1986; Reisberg et al., 1989:
Reisberg et al., 1990). The garnet and spinel facies peridotites, as a group, do not define a
U-Pb or Th-Pb isochron, but it is difficult to determine the extent to which the
clinopyroxene U/Pb and Th/Pb ratios are representative of the whole rock. This is certainly
not the case for the garnet-bearing samples. Garnet contains significant amounts of U and
Th, and the whole rock U/Pb and Th/Pb ratios depend strongly on the gamet/cpx ratio of
these samples, which is difficult to determine given the heterogeneous distribution of garnet
in hand specimen. Due to the uncerainty in the relationship between the bulk rock U/Pb
and Th/Pb ratios to those ratios in cpx, no parent-daughter isochron relationships can be
established on a massif wide basis, as was possible for the Sm-Nd and Re-Os systems.
However, the broad positive trend in Figure 8, defined largely by the different positions of
the garnet-spinel facies data and the plagioclase facies data, is consistent with a 1.3 Ga age.

In addition, Reisberg and Zindler (1986) have documented evidence for a

metasomatic event about 200-300 Ma ago which was reflected in the Srand Nd isotopic
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compositions of samples from the eastern plagioclase-facies traverse (Fig. 1). This event
probably was not responsible for creating the high 206:207.208pp/204ph and low
143Nd/144Nd signatures of the plagioclase traverse samples, because (1) the high
206,207.208pp/204Pb signature was likely already present 200-300 Ma ago (Fig. #), and (2)
the Sm-Nd isotopic systematics of sediment clinopyroxenes from the area of this traverse,
as well as the weighted average of the Nd isotopic compositions of the traverse samples
themselves, have 143Nd/144Nd and 147Sm/!44Nd ratios less than bulk earth (LREE
enriched), and also plot on the 1.3 Ga Sm-Nd isochron defined by samples from the rest of
Ronda (Reisberg and Zindler, 1986). This evidence indicates that the partial melting event
at 1.3 Ga ago also created a low Sm/Nd, high U,Th/Pb section in the eastern end of the
massif, and that the metasomatic event at 200-30() Ma ago resulted in the mixing event
documented in the plagioclase facies traverse (Reisberg and Zindler, 1986), as well as
changes in Sm/Nd and U,Th/Pb ratios.

4.5 Peridotite-Mafic Layer Relationships

The isotopic compositions of the samples from the interlayered peridotite-mafic
layer sections in Fig. 3 are all broadly similar, though signficant differences are present
(Table 2). In particular, the similarity of the REE patterns of ¢px from samples R140
(ML), R141 (ML), R142 (PD), and R145 (PD) indicate that some trace element exchange
and equilibration has taken place. However, the 8 cm thick mafic layers R140 and R141
preserve distinct isotopic compositions, both of which are different from the thick peridotite
layer R142 (Fig. 3). This indicates that isotopic heterogeneity at Ronda is present down to
the centimeter scale, in agreement with Pb isotope results from Beni Bousera (Hamelin and
Allegre, 1988).

Relative to the peridotites, the mafic layers are more restricted in their isotopic
compositions, especially in 2%Pb/2MPb (Fig. 6). This is in contrast to the data of Hamelin
and Allegre (1988) for mafic layers from Beni Bousera, which show isotopic variability
comparable to that of the peridotites. Since Beni Bousera and Ronda are thought to be
parts of the same peridotite body, this 1s a somewhat surprising result. The number of
mafic layers analyzed is small (7), and this may only be a fortuitous result. However, the
Ronda garnet-bearing peridotites are very likely mixtures of gamet-bearing mafic layers and
depleted wallrock peridotite, as suggested by Reisberg et al. (1989) and Reisberg et al.
(1990). Thi, suggestion is supported by the generally high U, Th, and Pb concentrations
in the garnet-facies peridotites. la detail, many of the Ronda clinopyroxenes, from all
mineral facies, have Pb concentrations which are higher than ¢px from San Carlos
xenoliths (Fig. 9); there also seems to be a bimodal distribution of Pb concentrations in cpx

on either side of about 70 ppb (Fig. 5). which also corresponds to two different zroups
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based on Ce/Pb ratios (Fig. 9). Given the evidence for physical muxing of mafic lavers inw
the host peridotite (Reisberg et al., 1989), it is suggested that the samples with cpx Pb
concentrations in excess of about 70 ppb may have been derived from mixing of mafic
layers into peridotite. [f this is indeed the case, then the isotopic heterogeneity of the gamet
{facies samples reflects that of the pre-existing mafic layers, which argues for substantial
mafic layer isotopic heterogeneity, in agreement with Pb isotope results from Beni Bouseru
(Hamelin and Allegre, 1988). Indeed, the high concentrations of U, Th and Pb in the
garnet facies cpx, compared to other analyses for residual pendotites (Hamelin and Allegre,
1988; Galer and O'Nions, 1989) indicates that these peridotites have denived a large
fraction of their trace elements from mafic layers.

The higher trace element concentrations of the mafic layers represent an important
source of components which may eftect the 1sotopic and trace element systemutics of the
peridotites. Mafic layer clinopyroxenes have higher Ti and Zr and lower Cr compared
those from peridotites (Table 1). It should also be noted that some mafic layer cpx have
higher Cr than others. These high Ti peridotites (R142, R145) and high Cr mafic lavers
(R140, R141) are from the interlayered section of the plagioclase facies (Fig. 2b,
suggesting some exchange of trace elements between the peridotites and mafie lavers.
However, these interlayered samples display significant isotopie variability, indicating the
preservation of isotopic heterogeneity on the scale of wens of centimeters (Fig. 2). The
mechar’sm responsible for this interaction is ditficult to pinpoint. Simiple muxing can be
ruled out, as this wo id create straight lines on element-element plots (not shown), with the
affected samples lying directly between the compositions of the matic lavers and the
peridotites. Diffusive interaction between peridontes and muafic layers may also be
important (Hamelin and Allegre, 1988; Rei